1] Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) and CloudSat satellite measurements are used to investigate the impact of tropospheric high and deep clouds on the microphysical properties of polar stratospheric clouds (PSCs) over Antarctica during the 2006 and 2007 winters. Based on the attenuated lidar scattering ratio and PSC depolarization ratio (d′), PSCs are classified into supercooled ternary solution (STS), Mix 1, Mix 2, and ice classes with significantly different microphysical properties in terms of the PSC backscattering coefficient (b 532 ) for 532 nm, the color ratio (b 1064 /b 532 ), and d′. In the early stages of the PSC season, STS accounts for more than 50% of the total PSCs, but the Mix 1, Mix 2, and ice classes become more common in the late season. During the late PSC season, close to 70% of PSCs are formed in association with high and deep tropospheric cloud systems, indicating the important role of tropospheric weather systems in Antarctic PSC formation. Tropospheric cloud systems also affect the microphysical properties of PSCs by affecting the relative occurrence of different PSC classes, especially during September and October. Our results also show that there are noticeable differences in color ratio and b 532 (at the 0.05 significance level) for the ice class and Mix 2 (late season only) for PSCs associated and not associated with high and deep tropospheric cloud systems. These results indicate that the impact of tropospheric meteorology on PSC formation should be fully considered to better understand interannual variations and recovery of the Antarctic ozone hole.
Introduction
[2] Polar Stratospheric Clouds (PSCs) are important to ozone-depleting processes in the polar regions [Solomon, 1999; Tolbert and Toon, 2001; Rex et al., 2004; Douglass et al., 2006] . PSCs affect ozone depletion in two ways: (1) PSCs provide a surface for heterogeneous reactions that convert stable chlorine to highly reactive forms and nitrogen oxides to nitric acid [Strawa et al., 2002] . The reactive chlorine destroys ozone under sunlit conditions [Solomon, 1999; Hopfner et al., 2006] . (2) PSC particles containing nitric acid sediment out, causing denitrification of the stratosphere [Gobbi et al., 1998; Tabazadeh et al., 2001 , Jensen et al., 2002 . Stratospheric nitrogen compounds react chemically to convert reactive chlorine to an inert form. Permanent removal of nitric acid through denitrification of the stratosphere prevents the formation of inert chlorine compounds and increases ozone destruction.
[3] Our current understanding of PSCs is based on laboratory investigations [Hanson and Mauersberger, 1988; Chu et al., 1993; Tabazadeh et al., 2000 , in situ measurements [Larsen et al., 2000; Drdla et al., 1994] , modeling Svendsen et al., 2005] and remote sensing [Fromm et al., 1997 [Fromm et al., , 1999 Teitelbaum et al., 2001; Spang et al., 2005] . Recent advancements in satellite remote sensing using space-based lidars have greatly increased our potential to understand PSCs because these space-based lidars overcome the shortcomings of both limb measurements Spang et al., 2005] and surface-based lidar measurements [Adriani et al., 2004] . Space-based lidars have better horizontal and vertical resolution than limb measurements and provide better spatial coverage than surface lidars [Pitts et al., 2007; Noel et al., 2008; Wang et al., 2008] . Additionally, signal attenuation by tropospheric clouds, a major setback encountered in studying PSCs using surface-based lidars, is not an issue for space-based measurements. The NASA A-Train constellation that includes Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) [Winker et al., 2003] and CloudSat [Stephens et al., 2002] satellites carry a depolarization-capable dual wavelength lidar, Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) and a 94 GHz Cloud Profiling Radar (CPR), respectively. The different sensitivities of lidar and radar measurements to particle concentration and size distribution provide information for characterizing tropospheric cloud systems as well as PSCs. By combining other A-train satellite measurements, we have unique data that may allow for a better understanding of PSCs.
[4] Stratospheric air is characterized by a very low abundance of water vapor and nitric acid vapors, the major components of PSCs. Thus, low temperatures are required for the formation of cloud particles in the lower stratosphere. The Antarctic winter season, which is devoid of sunlight, provides suitable conditions for the occurrence of very low stratospheric temperatures. Moreover, the Antarctic stratosphere is strongly controlled by the polar vortex [World Meteorological Organization, 2007] , which inhibits mixing of the polar stratospheric air with warmer low-latitude air, keeping the Antarctic stratosphere cooler. Three main types of PSCs have been observed, containing water, nitric acid and sulfuric acid in different proportions Carslaw et al., 1994; Benson et al., 2006; Lowe and MacKenzie, 2008] . Type Ia PSCs contain hydrates of nitric acid, predominantly nitric acid trihydrate (NAT) [Worsnop et al., 1993; Tabazadeh et al., 1994; Del Negro et al., 1997; Strawa et al., 2002] . Type Ib contains supercooled ternary solution (STS) , and Type II particles are dominated by ice particles.
[5] The association of PSCs with tropospheric meteorology has been recognized previously, e.g., by Teitelbaum et al. [2001] . Teitelbaum et al. [2001] used Polar Ozone and Aerosol Measurement (POAM II) and Television Infrared Observation Satellites (TIROS) Operational Vertical Sounders (TOVS) data and showed that PSCs and ozone minima over the Arctic are associated with anticyclonic potential vorticity anomalies near the tropopause, resulting in an upward displacement of isentropic surfaces. The flow anomalies result in quasi-adiabatic uplift through the lower stratosphere, causing adiabatic cooling in the stratosphere. Similarly, Wang et al. [2008] showed that 66% of the PSCs over west Antarctica and 52% of the PSCs over east Antarctica were associated with deep tropospheric clouds during June through October 2006, based on CloudSat and CALIPSO observations. Local cooling associated with tropospheric synoptic or mesoscale events can provide suitable conditions for PSC formation; however, the extent to which tropospheric meteorology or tropospheric cloudiness affects PSCs is not well realized or understood. Perturbations in the local temperature field caused by tropospheric cloud systems may also affect PSC microphysical properties. Using the CALIPSO and CloudSat measurements, this study explores the effects of tropospheric cloud systems on the microphysical properties of PSCs. Section 2 gives details of the data used and the methodology applied. Section 3 details the results from the study, and section 4 provides conclusions drawn from the study.
Data Analysis

PSC and Tropospheric Cloud Detection
[6] CALIPSO and CloudSat measurements taken during the periods of June through October 2006 and May through October 2007 are used in this study. Temperature mea-surements for the same periods from the microwave limb sounder (MLS) on the Aura satellite are used as well.
[7] CALIPSO level 1B data are used for the detection of tropospheric clouds and PSCs and for the analyses of the microphysical properties of PSCs. CALIPSO level 1B data with vertical resolutions of 30 and 60 m in the ranges of −0.5-8.2 and 8.2-20.2 km are averaged to 180 m, the same as the vertical resolution within the range of 20.2-30.1 km. Then, CALIPSO profiles are collocated to the CloudSat footprint (1.4 km cross track × 1.8 km along track) and averaged to form a collocated CALIPSO and CloudSat data set at a CloudSat horizontal resolution of 1.1 km for tropospheric cloud and PSC analyses. CloudSat radar bins with cloud mask values ≥ 30 in the CloudSat 2B-GEOPROF product are used to identify cloudy bins from radar measurements. Attenuated lidar scattering ratios (ALSR) calculated from CALIPSO measurements are also used to identify tropospheric clouds. The ALSR is the ratio of the total attenuated backscattering signal to the molecular-only attenuated backscattering signal. Molecular backscattering and the extinction coefficients are determined by the molecular number density profile calculated with the Geostationary Operational Environmental Satellite (GOES-4) temperature and pressure profiles included in the CALIPSO level 1B product. Simple threshold values of ALSR are used to identify tropospheric cloud boundaries for each averaged CALIPSO lidar profile, as described by Wang et al. [2008] . For cases in which there is no gap between the PSCs and the tropospheric clouds, the tropospheric cloud top is determined as the level at which the ALSR decreases below 4 and the ALSR for a height ∼900 m lower exceeds 8. Due to different sensitivities and attenuation of the CloudSat radar and CALIPSO lidar measurements, the CloudSat and CALIPSO cloud masks are combined to provide tropospheric cloud structures over the Antarctic region south of 60°S.
[8] For the identification of PSCs, a threshold method similar to that of Pitts et al. [2007] is used. The collocated CALIPSO data is further moving-averaged to a horizontal resolution of 20 km to improve the signal-to-noise ratio for the ALSR. For nighttime measurements, vertical bins above 12 km and above tropospheric cloud tops with ALSR values above 1.8 are identified as PSCs; however, for daytime measurements, the ALSR threshold is set to 4 to exclude the effect of solar noise. Due to our choice of ALSR threshold, optically thin PSCs may be overlooked in our analysis. Pitts et al. [2009] showed an improved detection sensitivity for these optically thin PSCs with the addition of depolarization measurements that results in an increase of 15% in the areal coverage. These optically thin PSCs have a much smaller number concentration and small surface area as compared with PSC with ALSRs larger than 1.8, if we assume that they have a similar effective size. Therefore, the overall impact of missed optically thin PSCs on heterogeneous chemistry is small. Furthermore, these optically thin PSCs may or may not be associated with tropospheric cloud systems. Considering these points, we do not think that neglecting these thin PSCs will affect our conclusion. Figure 1 shows an example of our PSC detection algorithm and the classification scheme applied to data for 25 June 2006. CALIPSO 532 nm total attenuated backscattering coefficients (km −1 sr −1 , Figure 1a ) together with CloudSat radar reflectivity factors ( Figure 1b) show that tropospheric cloud systems extend up to 12 km above mean sea level (MSL). Figure 1c shows PSCs detected using the ALSR threshold method and their ALSR values. Horizontally and vertically connected tropospheric cloudy bins or PSC bins are identified and grouped together as a cluster (a single tropospheric cloud or PSC system). Figure 1d shows different identified tropospheric cloud and PSC clusters, each represented by a unique cluster number.
[9] To evaluate the effects of tropospheric clouds on PSCs, only high clouds (above 7 km) or deep clouds (depths greater than 6.5 km) are considered. If a PSC cluster is over a tropospheric cloud cluster associated with high and/or deep clouds, the PSC cluster could be impacted directly by the tropospheric system dynamically and radiatively, and we refer to this as a PSC cluster associated with a tropospheric cloud system. The areas of PSCs under the satellite track are calculated along the satellite track as the product of PSC thickness and along-track length.
PSC Optical and Microphysical Property Determination
[10] Analyses of PSC optical and microphysical properties are carried out by calculating the PSC depolarization ratio and the backscattering coefficient at 532 nm and the color ratio, the ratio of backscattering coefficients at the 1064 nm and 532 nm channels. Since we are interested in a possible connection of PSC microphysical properties with tropospheric cloud systems rather than the horizontal coverage of PSCs, we did not make any adjustment for the latitudinal nonuniformity of the CALIPSO/CloudSat data and weighted all measurements equally.
[11] Attenuated total backscattering (ATB) and perpendicular attenuated backscattering (PER) measurements are used to calculate the volume depolarization ratio (d) given by The effect of molecular scattering can be significant at 532 nm, especially at low ALSR values. To reduce the effect of molecular scattering, the PSC depolarization ratio (d′) is estimated with the following equation:
where R is the ALSR, and d m is the depolarization ratio for the molecular signal. In the present analysis, the value of d m is taken as 0.0035. d′ provides important information regarding the PSC phase.
[12] The PSC backscattering coefficient at 532 nm (b 532 ) can be estimated from 532 nm ATB by correcting for attenuation and then subtracting the molecular backscattering. PSC extinction can be estimated from the PSC backscattering coefficient by assuming a lidar ratio (extinction to backscatter ratio). By using the constraint of the PSC layer optical depth estimated with the molecular signals above and below the PSC layer, we found that the lidar ratios for PSCs mainly lie between 20 and 30. Thus, we used a mean lidar ratio of 25 to estimate the PSC extinction coefficients. The lidar ratio depends on PSC size and type, and the use of a single lidar ratio of 25 for all PSCs may result in large uncertainties for some cases. However, the impact on the estimated PSC backscattering is small because the optical depths of PSCs are small and the attenuation corrections are typically within 20% of ATB.
[13] The contribution of molecules to the 1064 nm measurements is negligible; thus, the total backscattering coefficient at 1064 nm (b 1064 ) can be regarded as PSC backscattering. We calculate the color ratio of PSC as CR′ = 1064 532 . Although there are uncertainties in the absolute values of CR′ due to calibration and attenuation correction errors, the relative change in CR′ is still a good indicator for PSC effective particle size; that is, higher CR′ values indicate PSCs with larger effective particle sizes. For PSCs with the same effective size, differences in the magnitude of b 532 reflect differences in the PSC number concentrations.
PSC Composition Determination
[14] It is well established that PSCs are composed of solid crystalline particles and supercooled liquid solutions [Carslaw et al., 1994; Benson et al., 2006] . Due to the different physical and optical characteristics of PSC particles, lidar depolarization measurements can be used to differentiate particle shapes to provide particle type information, e.g., Browell et al. [1990] . Type I PSCs form at higher temperatures [Strawa et al., 2002] than Type II PSCs, which form when the temperature drops below the local frost point temperature. Type I PSCs are further classified into Types Ia and Ib, where Type Ia includes crystalline particles (mostly NAT) with diameters between 3 and 10 mm [Fahey et al., 2001] and Type Ib consists of spherical supercooled liquid droplet STS. STS (Type Ib) particles consist of spherical liquid droplets and have very little perpendicular backscattering, which makes the depolarization ratio of STS very small. NAT particles, which are crystalline, have larger depolarization signals than STS. In the present analysis, the PSC classification scheme described by Pitts et al. [2009] is used. PSCs are classified into four classes, STS, Mix 1, Mix 2 and ice, according to the particle depolarization ratio and 1/ALSR. Figure 2 shows the threshold values used to distinguish the four classes of PSCs and the distribution of PSCs observed in 2006. STSs are taken as those having depolarization ratio values between −0.03 and 0.035. Mix 1 and Mix 2 are classified based on their ALSR values. Mix 2 represents an external mixture of different PSC particles that have a larger ALSR than Mix 1. Mix 1 also includes all PSCs with depolarization ratio values less than −0.03 (not shown in Figure 2 ). Ice includes PSCs with ALSR values above 5 (1/ALSR < 0.2) and depolarization ratio values larger than the threshold value used for STS, which depend on the ALSR values. Figures 1e and 1f show the particle depolarization ratio (d′) and 1/ALSR for the PSC identified in Figure 1c . Figure 1g shows the classification results.
Results and Discussion
Evolution of PSCs During the Winters of 2006 and 2007
[15] PSCs appear in the Antarctic stratosphere by late May and persist through late September/early October. They are ubiquitous in the Antarctic stratosphere during the southern hemisphere winter. Figure 3 shows monthly maps (2.5°lat × 5°lon) of PSC occurrences calculated as the ratio of all of the profiles with PSCs to the total number of profiles in each grid for 2006 and 2007 between June and September. The monthly PSC maps reveal localized regions with high PSC occurrence. Figure 3 also shows a high spatial variability of PSC distribution among different months and between the two years. These localized regions of high PSC occurrences indicate the role of mesoscale dynamics in controlling the distribution of PSCs. Topographically forced mountain waves are known to be an important factor in PSC formation [Cariolle et al., 1989; Carslaw et al., 1998] . They contribute to PSC formation by adiabatically cooling the stratosphere. Hopfner et al. [2006] showed, using limb measurements from Michaelson Interferometer for Passive Atmospheric Sounding (MIPAS), that PSCs formed by these topographically forced mountain waves can cover large areas and persist for a long time. However, these PSCs tend to be quasi-stationary relative to the mean stratospheric flow [Cariolle et al., 1989] . As a result, mountain wave effects alone cannot explain this observed monthly and interannual spatial variability in PSC occurrence.
[16] Wang et al. [2008] showed that mesoscale tropospheric dynamics associated with deep tropospheric cloud systems have a significant impact on Antarctic PSC distribution. The Marie Byrd region, along with the Antarctic Peninsula and the continental region east of the Weddell Sea, has the highest PSC occurrence rates. These localized regions of high PSC occurrence rates lie in the downwind regions of intense mesoscale cyclogenesis in the Antarctic [Simmonds and Keay, 2000; Carrasco et al., 2003] . Deep tropospheric clouds indicate the presence of large-scale lifting and cyclonic activities. Quasi-adiabatic uplift associated with these deep clouds can lower the temperature of the lower stratosphere, thereby increasing the possibility of PSC formation [Teitelbaum et al., 2001] . However, for some specific regions, mountain waves may still be important for local PSC formation. Mountain waves may also affect downwind PSC formation by providing nuclei. In many cases, tropospheric mesoscale dynamical systems could couple with mountain waves to affect PSC formation.
[17] Figures 4a and 4b show the time-height distribution of PSC occurrence for 2006 and 2007, and Figure 4c shows the daily mean and minimum temperatures of the whole region to the south of 60°S at the 46 hPa (∼20 km) level based on MLS measurements. The evolution of the PSCs in the region closely follows the evolution of the lower stratospheric temperature. The stratospheric temperature gradually decreased beginning in early May. By the fourth week of May, the mean temperature of the region south of be analyzed. In the early part of the season, PSCs form around an altitude of 20 km. The most frequent PSC occurrences are observed at altitudes of 18-24 km, which is consistent with the results obtained by Adriani et al. [2004] . During early July, frequent PSC occurrences are observed as low as 14 km, but the most frequent occurrences are still in the altitude range of 18-24 km. By late July and early August, PSCs occur at relatively low altitudes, with a maximum around 14-18 km; however, PSCs are still observed up to 25 km. During late August and most of September, most of the PSCs are confined to the lower stratosphere in the altitude range of 12-16 km.
[18] Large-scale temperature fields alone do not adequately explain the cell structure of PSC occurrence observed in the time-height plots of Figure 4 . High PSC occurrence rates closely follow tropospheric cloudiness. Figures 4a and 4b also show the vertical cross-sectional area of deep tropospheric clouds along the satellite tracks. Higher PSC occurrences are observed when the tropospheric high and deep cloudiness increases. Figure 5 shows the scatterplot of the daily total vertical cross-sectional area along the satellite track for tropospheric high and deep clouds and PSCs. Pearson's correlation coefficients for these clouds are 0.78 and 0.79 for the 2006 and 2007 seasons, respectively. Figure 6a shows a 15 day running average for the percentage of PSCs (in terms of vertical cross-sectional area) directly associated with deep tropospheric cloud systems. It is clear that the percentage statistically increases with time, and between 60 and 70% of the PSCs are associated with tropospheric cloud systems in the late part of the PSC season (late September). The daily mean ALSR (Figure 6b ) is well correlated with the total vertical cross-sectional area of deep tropospheric cloud systems.
[19] Figure 6c shows that the areal coverage of the PSC systems increases from the start of the PSC season until late July/early August and decreases sharply thereafter. In 2007, the maximum PSC area was observed during the last week of July, whereas the maximum area in 2006 occurred during the first week of August. The mean stratospheric temperatures increased significantly during 2007 from the second week of September and exceeded 200 K at all levels within 15-25 km by the fourth week of September. Warming of the stratosphere causes significant reduction in PSC coverage, which decreases by more than 2 orders of magnitude by late September as compared with the peak value. 
PSC Microphysical Properties and Their Dependence on Tropospheric Clouds
[20] In section 3.1, we showed that tropospheric high and deep cloud systems affect PSC occurrence, PSC areal coverage and the in-cloud ALSR distribution. Cooling associated with the presence of tropospheric clouds also has an impact on the microphysical properties of PSCs.
[21] Figure 7 shows the daily variation of different PSC compositions for the 2006 and 2007 seasons. The vertical axis shows the fractions for each PSC class. Figure 7 shows that more than 50% of PSCs are STS in the early season for both 2006 and 2007. The STS fraction drops sharply and reaches around 20% by late June. The relative fraction of the PSC classes Mix 2 and ice increases, while the STS fraction decreases. The increase in Mix 2 indicates that the mixtures containing crystalline particles (mostly NAT) increase. An increase in the depolarization signal shows that the optical properties of the mixture are influenced by the presence of crystalline particles. It indicates that the number concentration and/or size of the crystalline particles start to increase after the onset of PSC formation. The formation of ice crystals requires a reduction in temperature below the frost point, typically below 190 K. As the temperature drops with time from the onset of PSCs in late May/early June, ice crystals begin to appear. The fraction of the ice PSC class in the PSCs is small in the beginning of the PSC season and shows a large variation over the PSC season.
[22] Figure 8 shows the monthly mean distribution of the four PSC composition classes for June through October of 2006 ( Figure 8a) and 2007 (Figure 8b) for PSCs associated and not associated with tropospheric clouds separately. It is clear that there are similar numbers of observations associated with and not associated with tropospheric clouds in the early part of the PSC season. During the later part of the PSC season (September and October), however, most of the observed PSCs are associated with tropospheric clouds, especially for Mix 2 and ice. The effect of tropospheric high and deep cloud systems is more evident in the occurrence of ice PSCs. All five months of the PSC season in 2006 and 2007 show a higher occurrence of PSC ice for PSCs associated with tropospheric cloud systems. During the later part of the PSC season, when the stratosphere starts to warm up, more than 80% of the ice PSCs are associated with tropospheric cloud systems.
[23] During September and October, the stratospheric temperature starts to increase and ozone depletion is more active. PSC formation due to additional cooling provided by the tropospheric cloud systems could be critical for ozone hole evolution.
PSC Microphysical Properties and Tropospheric Cloud Systems
[24] The microphysical properties of different classes of PSCs are analyzed based on their depolarization ratio, color ratio and backscattering coefficients. Figure 9 shows the frequency distribution of the four classes of PSCs in 2-D space: color ratio versus PSC depolarization ratio and color ratio versus backscattering coefficient.
[25] STS particles grow by condensational growth of nitric acid and water vapors on supercooled stratospheric aerosols, which are mostly sulfuric acid-water solutions [Tolbert, 1994 [Tolbert, , 1996 Zink et al., 2002] , and grow to sizes smaller than 1 mm . Hence, they are characterized by very low depolarization ratio and color ratio values. Figure 9 shows that the color ratio values for STS lie below 0.8, with the majority of the values between 0 and 0.5. Mix 1 and Mix 2 classes of PSCs contain mixtures of STS and crystalline NAT particles, which causes the depolarization ratio of the mixtures to be much larger than that of the STS class. Our choice of ALSR threshold and classification scheme limits the depolarization ratio for Mix 1 to less than 0.1, which indicates that Mix 1 is still dominated by STS. The similar distribution of STS and Mix 1 also confirms this. Due to the low signal-to-noise ratio for PSCs with low ALSRs, the estimated depolarization ratio could be negative. Mix 2 PSCs are dominated by NAT particles with color ratio values mainly within 0.4 and 1. The class of ice PSCs has depolarization values concentrated between 0.3 and 0.7, high color ratio values (within 0.5 and 1.4) and higher backscattering coefficients than the other three classes of PSCs.
[ [27] According to Figure 8 , high and deep tropospheric cloud systems significantly affect the relative occurrence of different PSC classes in September and October. As discussed above, different PSC classes have significant microphysical property differences. There are also noticeable microphysical property differences for the same class of PSCs associated and not associated with high and deep tropospheric cloud systems. Figure 10 shows the probability density functions (PDF) of backscattering coefficients and color ratios for the four PSC classes for the 2006 and 2007 seasons. We applied the t test to determine the statistical significance of whether the color ratio and backscattering coefficient of PSCs associated/not associated with tropospheric clouds have different means. Both the color ratios and the backscattering coefficients for the ice PSC class show significant differences between PSCs associated/not associated with tropospheric clouds at the 0.05 level, except in July. In the case of STS and Mix 1, the t test shows that there are no significant differences in the means of either the color ratio or the backscattering coefficient at the 0.05 level. 2007 (2006-2007) .
In the case of the Mix 2 class, significant differences (at the 0.05 level) exist for the late PSC seasons. Figure 10 also shows that high and deep tropospheric clouds have a smaller impact on the PSC color ratio than on the backscattering coefficient. The small impact on color ratios for each PSC class indicates that the effective particle size for each of the PSC classes is similar for PSCs associated and not associated with tropospheric clouds, except for ice and Mix 2 during October. In all four PSC classes, especially for Mix 2 and ice, PSCs associated with tropospheric clouds have larger backscattering coefficients than PSCs not associated with tropospheric clouds. A small change in color ratio accompanied by an increase in the backscattering coefficient indicates an increased PSC number concentration. Hence, PSCs associated with tropospheric clouds are more likely to have a higher number concentration than PSCs not associated with tropospheric clouds. A higher particle concentration provides a larger surface area for stratospheric heterogeneous chemical reactions, leading to more ozone loss processes [Carslaw et al., 1998 ].
Conclusion
[28] PSCs in the Antarctic region form in the polar winter night and remain until early October. Although cooling within the polar vortex is the main mechanism for the formation of PSCs, new NASA satellite data indicate that PSC occurrence and chemical and microphysical properties are also strongly associated with deep tropospheric cloud systems.
[29] The ALSR values from CALIPSO lidar measurements were used to identify PSCs, while combined Cloud-Sat and CALIPSO data were used to identify tropospheric cloud systems. PSCs were classified into STS, Mix 1, Mix 2 and ice classes based on ALSR and PSC depolarization ratio values. The STS class is characterized by low color ratio values and values of backscattering coefficients (b) in the range of 0.0001-0.001 km −1 sr −1 , with a modal value of 0.0005 km −1 sr −1 . Mix 1 and Mix 2, which contain crystalline particles (mostly NAT) and STS, have a larger color ratio and larger depolarization ratio values than STS. The backscattering coefficients show modal values of 0.0004 and 0.0005 km −1 sr −1 for Mix 1 and Mix 2, respectively. PSC ice has the largest color ratio values and the largest backscattering coefficients (modal value of 0.001 km −1 Sr −1 ). In the early part of the PSC season, PSCs are mainly distributed within altitudes of 18-25 km with dominant STS and gradually extend to lower altitudes with more frequent NAT and STS mixtures and ice particles. By mid-September, PSCs are mostly confined below 20 km, and they dissipate completely by early/mid October. The highest PSC occurrences in terms of areal coverage under the satellite track are observed during late July/early August. There are noticeable differences in the vertical PSC distributions and the temporal evolution of PSC classes between 2006 and 2007.
[30] Although PSCs are ubiquitous in the region, localized high PSC occurrence areas are present, which indicates the role of mesoscale dynamics in PSC formation. Topographically forced mountain waves are known to be important phenomena in PSC formation by adiabatically cooling the stratosphere and by providing nuclei; however, the significant variations observed in the high PSC occurrence regions among different months and between 2006 and 2007 indicate that mountain waves are not the major factor controlling PSC formation and distribution in the Antarctic region. Frequent PSC occurrences are observed in the regions downwind of high synoptic and mesoscale cyclonic activities as indicated by high and deep tropospheric cloud systems. Deep tropospheric clouds provide additional cooling in the low stratosphere, favoring PSC formation [Teitelbaum et al., 2001; Wang et al., 2008] . The correlation coefficients between PSC occurrence (%) and high and deep tropospheric cloud cross-sectional areas (under the satellite track) are 0.78 and 0.79 for 2006 and 2007, respectively. During the late PSC season, close to 70% of PSCs are formed in association with high and deep tropospheric cloud systems, indicating the important role of tropospheric weather systems in Antarctic PSC formation during the later PSC season. However, in many cases, tropospheric mesoscale dynamical systems could couple with mountain waves to affect PSC formation, and mountain waves may still have a dominant role in PSC formation over some specific regions.
[31] Tropospheric cloud systems also affect the microphysical properties of PSCs. First, high and deep tropospheric cloud systems affect the relative occurrence of different PSC classes, especially during September and October; each PSC class has significantly different microphysical properties. Second, there are noticeable microphysical property differences (at the 0.05 significance level) between ice class and Mix 2 (late season only) associated and not associated with high and deep tropospheric cloud systems. For each PSC class (especially for Mix 2 and ice), those associated with tropospheric clouds have larger backscattering ratios than those not associated with tropospheric clouds; however, the difference in the color ratio is smaller. These observations suggest that the number concentration of PSC particles in each PSC class is larger when they are associated with tropospheric cloud systems. This indicates an increased nucleation efficiency, providing a higher number concentration in the presence of tropospheric clouds beneath PSCs. PSCs with a higher number concentration and similar size result in a large surface area per volume to support the heterogeneous chemistry responsible for ozone hole formation. The effect of tropospheric cloud systems is more evident for the ice PSCs. Ice particle formation requires a lower temperature than STS and NAT, so additional cooling provided by tropospheric cloud systems is more important. Both the 2006 and 2007 results show a higher occurrence of ice PSCs associated with cloud systems. During the late part of the PSC season, when the stratospheric temperatures are warmer, more than 80% of the ice PSCs are associated with tropospheric cloud systems.
[32] The strong association between tropospheric clouds and PSC occurrence, especially during the later part of the PSC season, indicates that the interaction between tropospheric meteorology and PSC should be better characterized to understand interannual ozone hole variations and ozone hole recovery. Detailed studies, however, are needed to further understand how different scale dynamics and complex terrain interactions generate strong tropospheric disturbances over Antarctica to fully represent PSCs in models.
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